Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number. Craniofacial injuries can result from trauma, tumor ablation, or infection and may require multiple surgical revisions. To address the challenges associated with treating craniofacial bone defects, an ideal material should have the ability to fit complex defects (i.e. be conformable), provide temporary protection to the brain until the bone heals, and enhance tissue regeneration with the delivery of biologics. In this study, we evaluated the ability of injectable lysine-derived polyurethane (PUR)/allograft biocomposites to promote bone healing in critical-size rabbit calvarial defects. The biocomposites exhibited favorable injectability, characterized by a low yield stress to initiate flow of the material and a high initial viscosity to minimize the adverse phenomena of extravasation and filter pressing. After injection, the materials cured within 10?12 min to form a tough, elastomeric solid that maintained mechanical integrity during the healing process. When injected into a critical-size calvarial defect in rabbits, the biocomposites supported ingrowth of new bone. The addition of 80 &#956;g mL&#8722;1 recombinant human bone morphogenetic protein-2 (rhBMP-2) enhanced new bone formation in the interior of the defect, as well as bridging of the defect with new bone. These observations suggest that injectable reactive PUR/allograft biocomposites are a promising approach for healing calvarial defects by providing both mechanical stability as well as local delivery of rhBMP-2. 
Introduction
Craniofacial injuries can result from trauma, tumor ablation, developmental anomalies, and infection, and in the most severe cases may require multiple surgical revisions [1] . The treatment of craniofacial bone defects presents challenges associated with the need to provide protection to the brain while preventing infection and maintaining adequate cosmesis [2] . Craniofacial bones are either flat (skull) or irregularly shaped (face) and typically consist of two tables of cortical bone with a cancellous bone core (the diploe) that provides a minimal supply of osteoblastic precursor cells within the bone [3] . The curvature of craniofacial bones also poses a challenge to restoration of anatomic form. Due to its osteogenic and osteoconductive properties, autograft bone is the current standard of care to treat craniofacial bone defects. However, limited supply and donor site morbidity limit its use [4] , and long-term results in craniofacial reconstruction are unreliable due to bone resorption resulting in loss of volume and contour [5] . Treatment of congenital defects in children between the ages of 2 and 10 is particularly challenging as they have lost the ability to spontaneously heal, and split calvarial grafts [6] are not adequate due to the underdeveloped diploic space [7, 8] . On the battlefield, craniomaxillofacial injuries caused by explosive devices are characterized by open wounds and comminuted fractures, and in severe cases, complicated by avulsion of soft tissue and burns [9, 10] .
Currently, several treatments are used clinically for craniofacial reconstruction and augmentation, including cement pastes, osteoactive biomaterials, and prefabricated polymers [5] . Calcium phosphate cements (CPCs, e.g. Norian R CRS hydroxyapatite cement) offer several advantages, such as injectability, high compressive strength, and chemical bonding to bone [11] [12] [13] . When injected into critical-size calvarial defects in New Zealand White (NZW) rabbits, Norian R supported a modest amount of new bone formation at 6 and 12 weeks (1.4% and 11.7%, respectively) [13, 14] . However, cellular infiltration into the material after 12 weeks was negligible and only appositional bone formation was observed. Adverse effects on the host soft tissue were observed in some cases due to fragmentation of the cement, which has been attributed to pulsatile forces arising from the dura [15] . Thus, while the compressive strength of CPCs exceeds that of trabecular bone, the shear properties of these materials under physiologically relevant dynamic loads are weak [16] . Non-settable pastes comprising particulated allograft or demineralized bone matrix (DBM) dispersed in a flowable carrier have also been investigated.
An injectable DBM/glycerol biocomposite has been reported to heal rabbit calvaria critical-size defects (CSDs) after 12 weeks [2] . However, since the material is non-settable, it has weak mechanical properties and does not provide immediate protection to the brain [14] .
Recombinant human bone morphogenetic protein 2 (rhBMP-2), a potent growth factor that plays an important role in the membranous healing of the craniofacial skeleton [17] , has been studied for the treatment of CSDs [18] [19] [20] . The use of rhBMP-2 delivered on an absorbable collagen sponge (ACS) has been approved by FDA for single-level anterior lumbar interbody fusion and periodontal ridge augmentation (INFUSE R bone graft) [21, 22] . When implanted in a rabbit calvarial CSD, rhBMP-2 delivered on the ACS carrier promoted >95% ossification of the defect as early as five weeks, compared to <35% for the empty defect and ACS carrier alone [20] . However, the applicability of the collagen sponge in craniofacial defects is limited by its weak mechanical properties and consequent inability to provide space maintenance [5, 23, 24] .
To address the challenges of craniofacial repair, an ideal material should have the ability to fit complex defects (i.e. be conformable), harden to provide temporary protection until tissue remodels (i.e. be settable), and enhance tissue regeneration with the delivery of biologics [25, 26] . In this study, we evaluated the ability of injectable lysinederived polyurethane (PUR)/allograft biocomposites (BCs) to promote bone healing in critical-size rabbit calvarial defects. The biocomposites have initial compressive strength comparable to that of trabecular bone and support cellular infiltration and bone remodeling in femoral plug defects in rats [27] and rabbits [28] . In the present study, the potential of injectable biocomposites incorporating 18 vol% allograft bone particles, 35 vol% polymer, and 47% pores to enhance bone healing in 15 mm calvarial defects in rabbits was investigated. The efficacy of the biocomposites as an injectable delivery system for rhBMP-2 to enhance new bone formation was also evaluated.
Materials and methods

Materials
LTI-PEG prepolymer (21.7% NCO) and polyester triol (900 g mol ) were obtained from Ricerca Biosciences (Concord, OH). The backbone of the polyester triol comprised 60% caprolactone, 30% glycolide, and 10% lactide. The gelling catalyst triethylene diamine (TEDA) and dipropylene glycol (DPG) were purchased from Sigma-Aldrich (St. Louis, MO). An Infuse R Bone graft kit was acquired from Medtronic (Minneapolis, MN). Rabbit allograft mineralized bone particles (sieved to 105-500 μm) were provided by Osteotech, Inc. (Eatontown, NJ). Norian R CRS, a hydroxyapatite-based CPC, was purchased from Synthes, Inc. (West Chester, PA).
Preparation of rhBMP-2
A solution of rhBMP-2 (1.5 mg mL ) was prepared by reconstituting rhBMP-2 powder per mixing instructions provided with the Infuse kit. The solution was aliquoted into vials to achieve 80 μg mL −1 of active rhBMP-2 dose in each sample. The vials were frozen at −80
• C and lyophilized to achieve a powder.
Synthesis of the injectable biocomposite
An index of 125 was targeted to produce a biocomposite with a porosity of 47% upon injection as described previously [27] . The TEDA catalyst was blended with DPG to yield a 10% solution of TEDA. Hydroxyl equivalents from the polyester triol, the DPG carrier, and water were included in the index calculation:
The appropriate amounts of polyester triol, LTI-PEG prepolymer, and allograft bone particles (180 μm) were added to a mixing cup and mixed for 90 s. The allograft loading was 45 wt% of the resulting paste, which was then added to the rhBMP-2 vial followed by the addition of TEDA. After mixing for 60 s, the biocomposite (BC) was poured in between parallel plates for rheological characterization, or injected into either molds for mechanical testing or into rabbit calvarial defects.
Rheological properties
In order to characterize the injectability of the biocomposites, the rheological properties of non-setting samples were determined using a TA Instruments AR-2000ex rheometer. Samples (n = 3) were prepared without catalyst, poured between two 25 mm diameter parallel plates, and compressed to a gap of 1000 μm. The material was allowed to flow between the plates to cover the whole area and excess material was removed. The samples were then subjected to a dynamic frequency sweep (0.1 to 100 rad s −1 ) at 25
• C with controlled strain amplitude of 0.02%. A Cox Merz transformation was applied to the dynamic data to obtain the steady state viscosity (η, Pa * s) and shear stress (τ , Pa) as a function of shear rate (γ , s
−1
). The shear stress (τ ) versus shear strain (γ ) data were fit to the Casson model by plotting τ 1/2 versus γ 1/2 at low strains [29] and extrapolated to zero shear rate to estimate the yield stress (τ CA ) [29, 30] :
where η CA is the Casson plastic viscosity.
Mechanical properties
Cylindrical specimens (6 mm diameter × 12 mm long) of biocomposites with and without rhBMP-2 were prepared by injecting the materials into a plastic mold. Samples (n = 4) were hydrated for 24 h in PBS and then tested for compression using an MTS 898 equipped with a 13 kN load cell. The samples were preloaded to 12 N, followed by compression at a constant strain rate of 6 mm min −1 until failure. Load and displacement were recorded and transformed to stress and strain using the initial sample cross-sectional area and height respectively. The stress-strain curve was used to determine the Young's modulus, compressive strength (maximum stress), yield stress and strain, and energy-to-failure (area under the curve calculated at the yield point) of the samples.
Rabbit study
Animal experiments were been conducted in compliance with the Animal Welfare Act, the implementing Animal Welfare Regulations, and the principles of the Guide for the Care and Use of Laboratory Animals. As shown in figure 1 , four treatment groups were evaluated in this animal study using skeletally mature New Zealand White rabbits at two time points, 6 and 12 weeks. An empty defect was included as the negative control, and the injectable calcium phosphate cement (CPC) was used as the clinical control. The effects of rhBMP-2 delivered from the biocomposite were also investigated at six weeks. Considering a recent study reporting that addition of rhBMP-2 to CPC (Norian) did not significantly enhance remodeling of the cement in a rat calvarial defect model [31] , the CPC + rhBMP-2 group was not included in the study design. Furthermore, CPCs loaded with rhBMP-2 are not approved for clinical use and are thus not typically used in the clinic. Following standard practices for aseptic surgery, a full-thickness calvarial defect was prepared in the parietal bones using a 15 mm surgical trephine for rabbits as described previously ( figure 1(B) ) [32] . Briefly, upon the surgical exposure of the cranium, a MicroAire surgical handpiece with a brass trephine was used to create the critical-size defect (CSD) of 15 mm during copious saline irrigation ( figure 1(C) ). The cranial cap was carefully removed to separate the attached dura from the underside of the cap. Pressure with sterile gauze was applied to stop bleeding. The defects were treated by injection of the CPC ( figure 1(D) ) or biocomposite (figure 1(E)) according to the pre-determined randomization scheme. Soft tissues were closed in layers using resorbable 3-0 Dexon sutures to create two sets of continuous sutures. The animals were euthanized at the given endpoints.
Radiographic analysis
Radiographs were acquired using a Faxitron MX20 x-ray Digital System (Faxitron x-ray Corporation, Wheeling, IL) for each calvarium after extraction. The images were captured at 25 kV at a 15 s exposure time and imported into the Faxitron DR Software (Version 3.2.2). For quantification, the images were exported as a BITMAP file using window levels 1396/184. CTAn software v1.11 (Skyscan, Kontich, Belgium) was used to analyze the% defect area coverage and relative x-ray attenuation through the defect thickness for each treatment group. A region identical to the size of the defect created during the original study was outlined on each x-ray, and automated thresholding was performed within this region using the Otsu method [33] across all samples to determine the mineralized tissue within the defect. The percent of the defect area filled by the mineralized tissue was measured as a ratio of the pixels of gray above the threshold to the total number of pixels in the defect area. The relative x-ray attenuation through the defect was determined as the ratio of the mean grayscale level of the mineralized tissue within the defect to the mean grayscale value of the mineralized tissue of the surrounding host bone.
Histology and histomorphometry
The calvaria were placed in a solution of 10% neutral buffered formalin followed by a series of ethanol dehydrations. The specimens were then embedded in methyl/butyl methacrylate. The resulting blocks were then sectioned using an Exakt system, producing 75 μm sections that were stained with Sanderson's rapid bone stain counterstained with van Gieson. The advantage of this stain is that residual allograft bone can be distinguished from new bone under higher magnification [28] . Bone was stained red with osteocytes, osteoblasts and osteoclasts stained dark blue, residual polymer stained black, red blood cells stained turquoise and other cells stained a lighter blue. Quantifying the residual material (CPC or polymer), allograft bone, and new bone formation required the use of high magnification. Therefore, three zones progressing from the edge of the defect to the center region were examined at 40X magnification with and without polarizing the light. The edge of the defect was determined by visualizing (at 40X magnification) and then marking the disruption of the linear pattern of the calvarial bone and cells resulting from the surgical creation of the defect. To differentiate between the new bone and the residual allograft the allograft bone was quantified in these zones by meeting the following three criteria: (1) acellular, (2) angular in shape, and (3) illuminated under polarized light. In addition, the total amount of bone in the defect area was quantified using a stitched image taken with an Olympus camera (DP71) at 10X magnification (Microscope Olympus SZX16). Adobe Photoshop (CS3) was utilized to stitch the images together and to complete the histomorphometry (Version 7.0.1). Histomorphometry data were obtained by using color thresholding and an image layering technique to quantify the pixels of each layer and compare it to the total pixels in the area of interest. Additional sections were stained for tartrate-resistant acid phosphatase (TRAP) expressed by osteoclasts. Thin (5 μm) sections were deplasticized, rehydrated, stained for TRAP, and counterstained with hematoxylin. Images were obtained at 20X magnification and osteoclasts were identified as multinucleated red cells.
Results
Injectability of biocomposites
The working time of the biocomposite, as measured as the time after which the material could not be injected from the syringe, was 4.5 min [27] . The tack-free time, corresponding to the time when the material did not stick to a metal spatula, was 12 min. Solid-filled suspensions typically exhibit a yield stress, which is the pressure that must be applied to initiate flow of the material [29] . To characterize the injectability of the biocomposites, both the yield stress required to initiate flow of the material (τ CA ) as well as the viscosity η were measured for the non-setting form of the composite [30] . The values of τ CA and η CA determined from the shear stress versus shear rate plot (figure 2(A)) fit to the Casson model were 2.1 Pa and 199 Pa * s, respectively. The viscosity data ( figure 2(B) ) show that the biocomposite is shear-thinning (i.e. the viscosity decreases with increasing stress), and the viscosity at 5 s −1 (the recommended shear rate at which viscosity should be reported [30] ) is 170 Pa * s. The combination of a low yield stress and shear-thinning behavior is desirable, since after initial application of a relatively small force the material flows readily into the defect, and subsequently stops flowing after the removal of the force.
Compression properties of the CPC and biocomposite
The porosity was 47 vol% and the pore size was 177 ± 90 μm, resulting in an allograft fraction of 17.5 vol% [27] . Representative stress-strain curves for the biocomposite and CPC measured under compression are shown in figure 3 . As listed in table 1, the CPC failed due to brittle fracture at 1.0 ± 0.2% strain and exhibited compressive strength of 15.9 ± 3.4 MPa. In contrast, the biocomposite exhibited plastic behavior and did not fracture at strains up to 50% [27]. The yield strength of the biocomposite was 4.06 ± 0.03 MPa, above which the material continued to undergo plastic deformation up to 11.4 ± 2.3% strain [27] . The energy-to-failure, which is approximated by the area under the stress-strain curve, was 297 ± 121 kJ m −3 for the CPC and 3122 ± 404 kJ m −3 for the biocomposite. Incorporation of rhBMP-2 in the biocomposites did not have a significant effect on mechanical properties (data not shown).
Injection of the CPC and biocomposites in calvarial defects
During the surgical procedure, no treatment, the CPC or one of the biocomposite groups was injected in the defect, which had a volume of approximately 0.5 mL (figure 1(C)). A total of 0.25 mL of the biocomposite was used to fill the defect as it expanded in volume during cure ( figure 1(E) ). After cure, both the CPC and biocomposite showed good contact with host bone ( figure 1(D and E) ). Some of the defects treated with the CPC developed cracks immediately after cure, which were observed before closure of the wound, while no cracks were observed for the biocomposites.
Radiographic analysis
Radiographs (figure 4) of the negative control defects showed minimal bone formation near the edges of the defect at both 6 and 12 weeks, as anticipated for a CSD. Consistent with observations during surgery, x-rays of the CPC treatment group showed cracking of the material. Bone ingrowth was observed around the perimeter of the biocomposite treatment groups with traces of bone in the center. X-ray images of the BC + rhBMP-2 group suggested a substantial increase in new bone formation within the defect relative to the other treatment groups.
In figure 5(A) , the relative density (as approximated by the radio-opacity of the defect relative to the host bone) calculated using the CTAn software is plotted for each treatment group. The relative density was calculated for all groups by normalizing the attenuation of the defect region by the attenuation observed in the calvarial bone (approximately equal in area to the defect) around the defect site. The attenuation of allograft or regenerating bone asymptotically approaches that of the host calvarial bone, implying that the relative density approaches 100% [34] . In contrast, the attenuation of pure hydroxyapatite is significantly greater than that of native bone, and as the mineral resorbs and is replaced by new bone, the attenuation decreases and asymptotically approaches that of host bone. Thus, while the CPC showed significantly higher (>100% of the density of host bone) relative density (p < 0.02) compared to the other treatment groups at six weeks, the majority of the mineral content measured derived from residual hydroxyapatite and not new bone formation. There were no significant differences in relative density between the biocomposite treatment groups (p = 0.08). Figure 5 (B) shows the area% mineralization (as approximated by the percentage of the defect filled with tissue having density comparable to that of the host bone) for each treatment group. As expected, there was significantly less mineralized tissue in the negative control compared to the other treatment groups (p < 0.0001). In addition, the percent defect area covered was significantly greater in the CPC and BC + rhBMP-2 groups compared to the BC only group (p < 0.05). However, since CTAn analysis cannot differentiate between calcium phosphate, allograft, or new bone within the mineralized tissue, differences between the CPC and BC + rhBMP-2 groups were not significant.
Histology and histomorphometry
Histological sections indicate that there were no adverse responses to any of the treatment groups used in this study. As expected, a fibrous scar filled the untreated defect at both time points ( figure 6(A) ). The CPC treatment groups ( figure 6(B) ) showed appositional bone growth around the surface and between the cracks of the material as evidenced by the mineralization stained in pink. However, there was no cellular infiltration into the cement. This pattern was the same for both the 6 and 12 week CPC groups, and confirms that the majority of mineral content measured by the radiographic analysis for the CPC group is derived from residual hydroxyapatite and not new bone formation. Bridging of bone across the defect can also been seen in this histological section. While all rhBMP-2-treated defects showed new bone spanning the defect, calvarial defects in 5/10 animals in the BC + rhBMP-2 group had completely bridged with new bone at six weeks, which was significantly greater compared to the other treatment groups (p < 0.0009), in which complete bridging was not observed in any of the defects. Cells, stained light blue, migrated into pores initially present in the material due to the foaming reaction as well as those resulting from resorption of the allograft bone particles [27, 28] . Evidence of osteoclast-mediated resorption of residual allograft particles is observed in histological sections stained with TRAP (red) and hematoxylin (blue) in figure 8(D and E) . TRAP-positive cells (black arrows) were observed near the surface of both residual allograft particles (Panel D, E) as well as new bone (Panel E). Furthermore, osteoblasts (blue arrows) were also observed lining the surface of both the new bone and the irregularly shaped allograft particles, as shown in Panel E. These data suggest that the allograft component remodels by the process of creeping substitution. Figure 9 (A) shows the total area percent of bone measured over the entire defect area for each of the treatment groups. The bone in the biocomposites was greater than that in the Norian at both time points (though not significant at six weeks), and increased from 6 to 12 weeks. The addition of rhBMP-2 to the biocomposites resulted in significantly more bone at six weeks compared to the biocomposite at both 6 and 12 weeks without rhBMP-2. To evaluate the bone regeneration potential of the biocomposites with and without rhBMP-2 between different regions within the defect, three areas progressing from the edge to the interior of the defect ( figure 9(B) ) were analyzed at high magnification. As shown in figure 9(C), new bone formation was highest in area 1 (near the host bone interface) for all three treatment groups. In the areas within the defect (areas 2 and 3) the BC at 6 weeks, the BC at 12 weeks and the BC + rhBMP-2 at 6 weeks were all significantly different from each other. The BC + rhBMP-2 group had significantly higher new bone formation in the interior areas 2 and 3. The area% of allograft was <2% for all groups in all three areas, suggesting that most of the total bone in the total defect area for the biocomposite groups (shown in figure 9(A) ) was newly formed and not allograft. At six weeks, the area% of new bone in areas 2 and 3 was comparable to the area% of allograft. However, at 12 weeks and in the biocomposites with rhBMP-2 at six weeks, the amount of new bone in the interior areas exceeded that of residual allograft. As anticipated, the polymer decreased significantly from an initial value of 24-29 area% at week six to 18 area% at week 12 (the difference was significant only for area 1). While the residual polymer was lower at six weeks in the presence of rhBMP-2, the difference was not significant, suggesting that delivery of this relatively low amount of rhBMP-2 does not substantially affect the degradation rate of the polymer.
Discussion
Materials suitable for craniofacial repair should ideally have the ability to conform to fill complex defects, harden to temporarily protect the brain until tissue remodels, and enhance tissue regeneration through the delivery of biologics [25, 26] . In this study, we evaluated the ability of injectable polyurethane (PUR)/allograft bone biocomposites (BCs) with and without rhBMP-2 to promote bone healing in criticalsize rabbit calvarial defects. The biocomposites exhibited handling properties, including working and setting times, that are comparable to those reported for CPCs [16, 35] . After injection, the biocomposites expanded to fill the defects and hardened to form a tough elastomeric solid that did not fail mechanically throughout the healing process, in contrast to the CPC that exhibited brittle fracture after cure. The mechanical integrity of the materials observed in vivo was consistent with their in vitro mechanical properties, as evidenced by the order of magnitude higher energy-to-failure of the biocomposites compared to the CPC. As early as six weeks, cells had infiltrated the biocomposites, resulting in new bone formation near the host bone/biocomposite interface, while the CPC showed minimal cellular infiltration. rhBMP-2 added to the biocomposites enhanced new bone formation, resulting in a bridge of bone covering the upper surface of the defect as well as new bone formation throughout the interior of the biocomposite.
The rheological properties of injectable and settable bone grafts must ensure ease of use in the clinic. In a previous study, we reported that the cure properties of the reactive biocomposites were comparable to the working (6-10 min) and setting (10-15 min) time requirements reported for injectable bone cements and void fillers [36, 37] . Similar to CPCs, the PUR biocomposite was shear-thinning (i.e. the viscosity decreased with increasing rate of shear stress) over a physiologically relevant range of shear rates (0.01-10 s −1 ) [30] . Thus, the material flowed readily when extruded from the syringe. Another key parameter governing injectability is the initial (i.e. at the onset of the chemical reaction) viscosity at low shear rates prior to cure. Materials with high initial viscosity are anticipated to retain their shape after placement, while materials with low initial viscosity may continue to flow after placement and extravasate from the defect. The initial viscosity of the biocomposite at 5 s −1 was 170 Pa * s. In contrast, the initial viscosity of non-setting β-TCP suspensions (a model for CPCs that enables investigation of the initial rheological properties of the cement) at liquid-to-powder ratios (LPRs) of 50% and 60% ranged from 5-10 Pa * s [30] . The relatively higher initial viscosity of the biocomposites is due in part to the higher viscosity of the liquid PUR components (21 Pa * s [27] compared to 10 −3 Pa * s for water). Low initial viscosity can also contribute to problems such as filter pressing and extravasation, which have been addressed by adding soluble polymers to the aqueous CPC mixing liquid to increase the initial viscosity [38, 39] . While addition of a 0.2% solution of Xanthan gum has been reported to increase the initial viscosity to 100 Pa * s, the added polymer also increased the yield stress (i.e. the force required to initiate flow of the material from a state of rest) from 44 Pa to 640 Pa [30] . In contrast, the biocomposites showed a yield stress of only 2.1 Pa. Taken together, the rheological data suggest that PUR biocomposites may present handling advantages compared to CPCs due to their higher initial viscosity, which minimizes filter pressing and extravasation, and relatively low yield stress, which requires a smaller force to initiate injection of the material.
Both the CPC and the biocomposite set to form a hard solid within 10 min of injection, which offers the advantage of wound closure shortly after placing the material. CPC showed extensive cracking after setting, which has been reported for CPCs in previous studies [13] and has been attributed to pulsatile forces from the dura that can drive systolic normal and tangential stresses of 54.2 kPa and 345.4 kPa, respectively [15] . In order to mitigate complications associated with Norian R CRS observed in a pediatric long-term retrospective study, use of only moderate amounts of the material has been recommended for onlay (not inlay or full calvarial thickness) applications [40] . It has also been suggested that cranioplasty materials must be sufficiently rigid to maintain space and not collapse in response to pressure from the overlying connective tissue and underlying brain tissue, but not too rigid so that they cannot conform to the contours of the defect [41] . In contrast to the CPC, the biocomposites did not reveal evidence of cracking or fragmentation either immediately after cure or at the time of explantation. The superior mechanical integrity of the biocomposite is attributed to its tougher mechanical properties, having an energy-to-failure measured under compression of 3122 ± 404 kJ m −3 compared to 297 ± 121 kJ m −3 for the CPC. While the CPC has higher modulus and yield strength than the biocomposite, it is also more brittle, characterized by a lower yield strain and energy-to-failure. Taken together, these observations suggest that the biocomposite may be more effective at providing early protection to the brain during the early stages of the healing process due to its lower rigidity and higher toughness compared to CPC.
In addition to suitable handling and mechanical properties, rapid cellular infiltration and remodeling is another desirable attribute of injectable bone grafts. Histological sections ( figure 7 ] showed extensive cellular infiltration for all of the biocomposite groups. As suggested by figure 8(D-E) , cells infiltrated the biocomposites not only through migration of cells into the initial open pores, but also by migration into new pores resulting from the resorption of residual allograft particles by osteoclasts [27, 28] . These observations are in agreement with a previous study in which we reported that injectable PUR/allograft biocomposites with 40% porosity and 45 wt% allograft bone supported rapid cellular infiltration and new bone formation as early as three weeks in femoral condyle plug defects in athymic rats [27] . The vol% allograft in the biocomposite (φ M ) after cure is calculated from the following equation:
where x M is the mass fraction allograft (or other osteoconductive matrix), ε is the porosity, ρ M = 2.12 is the density of the allograft bone, and ρ P = 1.27 is the density of the polymer. Thus in the present study the volume fraction of allograft in the cured biocomposite was 17.4 vol% compared to 19.7% for the athymic rat study. In the rabbit calvarial defect and athymic rat femoral plug studies, the combination of pore and allograft volumes were 61.4 and 59.7 vol%, respectively. Thus the rapid cellular infiltration of these biocomposites is consistent with the notion that cellular infiltration and remodeling proceed independent of polymer degradation when the sum of the pore and osteoconductive matrix volumes approaches 64 vol%, the random close-packing (RCP) limit for spheres [27, 28, 42] . In contrast, the CPC group showed negligible degradation and cellular infiltration, essentially acting as a barrier to bone formation over the 12 weeks. However, in a previous study we reported slow infiltration of cells into compression-molded PUR/TCP and PUR/HA composites implanted in femoral condyle defects in rats [43] . The TCP and HA granules were initially 150 μm (although the size decreased after processing due to fragmentation during compression molding), and TRAP staining revealed osteoclasts resorbing the TCP and HA particles near the bone/implant interface. Thus, dispersion of >100 μm TCP or HA particles in a polymer binder at loadings approaching the RCP limit promoted cellular infiltration and remodeling, as we have previously reported for compression-molded allograft bone particle biocomposites [28] . The negligible extent of cellular infiltration of the CPC in the present study is therefore conjectured to result from both its low specific surface area (it was not particulated) and small pore size (<1 μm) [35] . The effects of porosity, as well as the size and loading of a particulated osteoconductive matrix, on remodeling are further underscored by a recent study evaluating injectable and implantable PUR scaffolds incorporating 42 or 55 vol% porosity in a sheep femoral condyle plug defect [44] . In the absence of matrix particles, the scaffolds supported cellular infiltration and new bone formation only in open pores near the bone/implant interface. While new bone formation progressed from 6 to 24 weeks, remodeling in the interior of the material was dependent on the formation of new voids resulting from polymer degradation. Interestingly, the addition of 5 μm β-TCP particles, which have a low osteogenic potential due to their small size [45] , slowed the rate of polymer degradation. The relatively low porosity (42% or 55%, which is lower than the RCP limit of 64 vol%) is conjectured to result in poor inter-connectivity, which precludes rapid cellular infiltration by migration into open pores. Thus the rate of cellular infiltration was controlled by the rate of polymer degradation, which was slow [46] . Furthermore, addition of β-TCP particles that were too small to remodel by creeping substitution (e.g., <100 μm) slowed the rate of cellular infiltration.
The PUR binder, which was initially present at 36 vol%, had degraded to 24-29 area% at week six and 18 area% at week 12. These data suggest that the polymer had degraded by 19%-33% at week six and 50% at week 12, which is in reasonable agreement with an in vitro study reporting 10% and 45% mass loss of the polymeric scaffold having the same composition at 6 and 12 weeks, respectively [47] . In the previous in vitro study, the tensile strength and modulus of the scaffolds decreased to <20% of their initial values after eight weeks of degradation time in vitro [47] . Considering that a substantial amount of the new bone grew appositionally to the polymer scaffold [48] , excessive polymer degradation could hinder new bone formation due to the absence of a surface on which the bone could grow. Furthermore, since mechanical stability is a critical performance factor [49] , especially in the calvarial defect due to the pulsatile forces emanating from the dura [15] , extensive degradation of the scaffold could diminish the structural integrity of the defect in the interior regions where there was less new bone. However, despite the rapid degradation of the scaffold, significantly more bone new bone formation was observed in the center of the defect at 12 weeks compared to 6 weeks, suggesting that healing was progressing with time. While the area% polymer was less in the BC + rhBMP-2 group compared to the BC group at six weeks, the difference was not significant, which is in agreement with a previous study showing that release of rhBMP-2 did not accelerate degradation of a lysine-derived PUR scaffold at either four or eight weeks in rat femoral segmental defects [19] .
Considering a previous study reporting that rabbit calvarial defects treated with rhBMP-2 delivered from an ACS carrier had completely ossified by six weeks [20] , the BC + rhBMP-2 material was not evaluated at 12 weeks. When rhBMP-2 was added to the biocomposites, 75% of the defect was mineralized after six weeks. Furthermore, histological sections showed a bridge of new bone covering the upper surface of the implant as well as new bone formation throughout the defect. Bridging was complete in 50% of the rhBMP-2-treated defects. However, despite the high degree of mineralization and extensive bone bridging in the rhBMP-2-treated defects, all the defects were not completely healed at six weeks. The histological sections shown in figure 8 show progression toward healing, but additional studies are required to demonstrate that the BC + rhBMP-2 group heals completely at later time points.
Several rhBMP-2 release strategies are under investigation as potential clinical applications [21, [50] [51] [52] . Delivery of rhBMP-2 from an absorbable collagen sponge (ACS) carrier is an FDA-approved therapeutic for treatment of posteriorlateral spine fusions, tibial fractures, and sinus and alveolar ridge augmentations. In a previous study, >90% ossification of 17 mm rabbit calvarial defects treated with the ACS carrier incorporating 430 μg mL −1 rhBMP-2 was reported after six weeks, compared to 30% for the empty defect negative control [20] . Similarly, >70% ossification of primate calvarial CSDs treated with the ACS carrier incorporating rhBMP-2 was observed after six months [53] . In the present study, delivery of a relatively low dose of rhBMP-2 from the biocomposites resulted in mineralization of 75 ± 3% of the defect area (as measured by radiograph analysis), which was significantly higher than the value of 15 ± 3% observed for the empty defect. While the CPC-treated defects showed comparable mineral content (82 ± 2%, figure 4 (B)) to the rhBMP-2-treated defects, there was very little new bone (<15%) and most of the defect was filled with residual material. Histomorphometric measurements performed at high magnification revealed that the majority of the mineralized tissue in the rhBMP-2-treated defects was new bone ( figure 9(C) ). Furthermore, all rhBMP-2 treated defects showed at least partial bridging with new bone, and 50% showed complete bridging. These observations suggest that the PUR/allograft biocomposites are an efficient carrier for rhBMP-2, which is consistent with our previous study reporting that PUR scaffolds incorporating rhBMP-2 at 30% of the dose recommended for the ACS carrier supported 50% more new bone formation compared to the collagen sponge in critical-size femoral segmental defects in rats [19] . The improvement in new bone formation at sub-optimal doses was attributed to the more sustained release of rhBMP-2 from the PUR carrier, which has also been reported for a hybrid nanofiber mesh/alginate carrier [54] , compared to the bolus release of rhBMP-2 from the collagen sponge. A bolus or high burst release (> 30%) is non-ideal due to the increased risk of clinical complications such as hematomas of soft tissues [51, 55] . Another limitation of the ACS carrier is that it lacks the structural integrity necessary to keep tissues from prolapsing into the site when used alone [24] . Mixed success was reported for the use of the ACS carrier without space maintenance to repair larger mandibular non-unions in five patients [23] .
Extensive vascular formation in the defect was observed in the biocomposites incorporating rhBMP-2. Several in vitro coculture studies have shown that osteoblasts have the capability to regulate proliferation and differentiation of endothelial cells by changing pro-angiogenic cues such as VEGF via paracrine signaling [56] [57] [58] . Furthermore, vascularization is essential for bone induction [58] . In addition to its osteoinductive and angiogenic effects, rhBMP-2 also stimulates osteoclast activity [59, 60] . Thus rhBMP-2 released from the biocomposites can accelerate the resorption of allograft bone particles [61] [62] [63] and the consequent infiltration of cells and growth of new bone in the newly formed pores. However, the low dose of rhBMP-2 used in this study did not accelerate allograft resorption.
Conclusion
Reactive PUR/allograft bone biocomposites exhibit favorable injectability, characterized by a relatively low yield stress to initiate flow of the material and a relatively high initial viscosity to minimize the adverse phenomena of extravasation and filter pressing. After injection, the biocomposites cure within 10-12 min to form a tough, elastomeric solid that maintains mechanical integrity during the healing process, in contrast to the CPC which undergoes brittle fracture. When injected into a rabbit calvarial CSD, the biocomposites supported ingrowth of new bone near the host bone/biocomposite interface, and the addition of a low dose of rhBMP-2 (80 μg mL −1 ) enhanced new bone formation throughout the volume of the defect. Thus, injectable reactive PUR/allograft biocomposites are a promising approach for healing calvarial defects by providing both mechanical stability as well as local delivery of rhBMP-2.
